The basic helix-loop-helix (bHLH) proteins represent an evolutionary conserved class of transcription factors that are known to play important roles in cell determination and differentiation during animal embryonic development. Following an exhaustive search of the complete Drosophila genome sequence using a PSI-BLAST strategy, we identi®ed 19 new genes, bringing the total number of bHLHencoding genes in the Drosophila genome to 56. These new genes belong to various subfamilies of bHLH transcription factors, such as the Daughterless, Hairy-Enhancer of split, bHLH-PAS or bHLHZip subfamilies. The embryonic expression pattern of each of these new genes has been analyzed by in situ hybridization. By looking for closely structurally related motifs, we found two genes that represent likely orthologues of vertebrate Mnt and Mlx. Together with previous reports, our data suggest that, similar to networks involved in neurogenesis and myogenesis, the network of Myc-related genes has been globally conserved throughout evolution. q
Introduction
The basic helix-loop-helix (bHLH) proteins represent an evolutionarily conserved class of transcription factors. They have been shown to play important roles in tissue-speci®c determination and differentiation in muscles and neurons, as well as in controlling cell proliferation. Structurally, they are characterized by highly conserved bipartite domains for DNA binding, the basic domain, and protein-protein interaction, the helix-loop-helix domain (Murre et al., 1994) .
bHLH proteins have been classi®ed into subfamilies, de®ned by their overall sequence similarity (Atchley and Fitch, 1997) . Two criteria are widely used: the level of similarity of the bHLH domain and the presence of additional motifs.
Members of the larger group including Atonal-related, Achaete-Scute (AS) (Hassan and Bellen, 2000) and MyoD proteins (referred to as the Daughterless (Da) subfamily), are generally transcriptional activators.
Members of the HER subfamily (Hairy-Enhancer of split Related), including the vertebrate Hes, Her and Hey proteins (Steidl et al., 2000) , are transcriptional repressors. They contain two additional conserved motifs: the Orange domain (Dawson et al., 1995) and the carboxy-terminal tetrapeptide motif WRPW that is required to form protein complexes with the transcriptional corepressor Groucho in Drosophila, or its vertebrate homologues (Fisher and Caudy, 1998) . Two additional dimerization motifs, the PAS (Per, Arnt, Sim) and leucine zipper (Zip), are found associated with a bHLH domain, thereby de®ning two other subfamilies. PAS domain is an interaction domain that contributes to speci®c heterodimer formation between members of the PAS family.
Finally, the Myc subfamily members contain a leucine Zip dimerization motif located immediately C-terminal to the bHLH domain and form heterodimeric combinations resulting in gene-speci®c transcriptional activation or repression.
Recently the Drosophila melanogaster genome sequence was completed (Adams et al., 2000) . With the aim of identifying hitherto unknown bHLH protein-encoding genes, we analyzed the recently released genomic sequences using BLAST search programs. 
Results
In our systematic search we identi®ed 19 new putative genes encoding products of the bHLH class, which, added to the already characterized bHLH genes, brings the total estimated number of Drosophila bHLH genes to 56 (Fig. 1 ). All these proteins are included in the automated genome annotation as HLH proteins (Web site http:// www.fruit¯y.org/annot/) with the exception of three, numbered CG18144, CG12648 and CG13109.
The classi®cation of all these sequences in a phylogenetic tree, exclusively based on the bHLH motif is presented in ®gure 2. We identi®ed new genes in the DA (9 of a total of 25), HER (3 of 13), bHLH-Pas (2 of 10) and Myc (4 of 7) subfamilies. We looked for speci®c homology by calculating the identity ratio in amino acids from the bHLH domain (see Table 1 ).
The results of a similar independent study have been recently published (Moore et al., 2000) . Among the 19 genes described here, 12 were also identi®ed in the earlier work. Analysis of their expression patterns revealed consistency with our results except for three cases. Thus, we detected expression of CG6913 in the developing nervous system, and not in the anterior and posterior midgut (see below). In the cases of CG6211 and CG17592, expression appears to be rather ubiquitous in our hands (see our criteria in experimental procedures).
Here we concentrate on the expression pattern of the 7 newly identi®ed genes (see Table 1 ).
CG12648
The CG12648 gene is ®rst expressed at early stage 9, in a pattern composed of 11 faint stripes (not shown). Shortly afterwards, at late stage 9, this segmental expression disappears from all but 10 small groups of cells located in the . Phylogenetic tree of Drosophila bHLH domains. The bHLH domain was used to build the neighbour±joining plot. The names of the seven additional genes found in this study are noted in red. Bootstrapping was used to estimate con®dence levels of node ordering. Values displayed correspond to the ®rst decimal digit of bootstrap values (e.g. 7 corresponds to a bootstrap value of 0.7). Nodes with a bootstrap value below 0.1 have been removed, resulting in a non-binary tree. Based on the presence of additional domains, families of bHLH proteins are grouped and marked by a colored background: bHLH-PAS (green), Her (pink), Da (blue) and midline region from segments T2 to A8 (Fig. 3a) . This speci®c expression persists until stage 16 (Fig. 3b) .
CG6913
Expression of gene CG6913 is ®rst detected at stage 10 in a pair of cells in each segment in the ventral nerve cord. One stage later, another anterior pair of cells expresses it (Fig.  3c) . At stage 13, a few expressing cells can be seen in the brain. At the end of embryogenesis (stage 16±17), the positive cells are arranged in a segmental pattern in the ventral nerve cord and only 4 cells maintain expression in the brain (Fig. 3d) .
CGI7I00
Expression of gene CG17100 is detected in the anterior and posterior midgut rudiment from stage 10 onward (Fig.  3e,f) . Like all other members of the HER subfamily, the CG17100 gene product contains an Orange domain. There is no identi®able carboxy-terminal WRPW motif (data not shown), however, like in HeyL (Steidl et al., 2000) .
CG12561
Gene CG12561 is expressed in anal pads and anterior hindgut from stage 11 onward (Fig. 3g) . Expression is detected from stage 12 in the head, dorsally in regions where the stomatogastric nervous system is forming and ventrally in labial sensory organs (Fig. 3h) . Expression also appears in dorsal epidermal cells that are part of the leading edge during dorsal closure, and in nine lateral patches of cells located close to the tracheal dorsal trunk (Fig. 3h) . CG12561 encodes a bHLH-PAS protein.
CG2856
There is a strong maternal contribution of CG2856 in early embryogenesis. From stage 5 until stage 11, transcripts are detected in the germ cells (Fig. 3i±l) . At stage 7, expression is also detected in ventral cells located posterior to the future stomodeal invagination (Fig. 3k) . After invagination, these cells continue to express the transcripts until stage 11± 12. Expression is also observed in the CNS from stage 10 onward, in the amniosera from stage 9 to 12 and in the salivary glands from stage 13 onward (Fig. 3m ).
CG18362
Expression of CG18362 begins at stage 10 in the amnioserosa and is maintained there until dorsal closure (Fig.  3n,o) . Expression is detected at late stage 11 in cells situated between the mesoderm layer and the yolk and at stage 13 in subepidermal cells that will form the dorsal pharyngeal musculature (Fig. 3p) . At stage 16, low expression is also detected in the fat body.
CG3350 and CG13109
Both genes are expressed ubiquitously throughout embryogenesis.
The CG13109 gene product shows no signi®cant homology to any other speci®c bHLH protein.
Discussion
In this work, we evaluate at 56 the total number of genes encoding bHLH proteins in the Drosophila genome. A similar BLAST search approach was used in a parallel study (Moore et al., 2000) . Our identi®cation of seven additional genes may be related to slight differences in the strategies that we used.
The use of a pattern recognition matrix as a query in a PSI-BLAST search gave us access to the entire set of motifs already recognized as bHLH. Although this strategy cannot rule out the existence of yet unknown, diverging subfamilies of bHLH factors, we may reasonably consider that our study is all-inclusive. Consequently, the data obtained are a legitimate basis for determining how this large family of bHLH transcription factors is expressed in Drosophila and provides the basis for evolutionary comparison with other metazoa.
In Drosophila and vertebrates, neural development is initiated by the expression of a set of so-called proneural genes, all encoding bHLH proteins (Guillemot, 1999) . In Drosophila, it has been suggested that additional proneural genes exist that account for CNS formation (Jimenez and Campos-Ortega, 1990) . During this study, we expected to ®nd such genes; however, none of the newly identi®ed genes displays an expression pattern compatible with a possible proneural function. Considering that our search is probably exhaustive, one has to postulate that other types of genes can assume a proneural function.
We identi®ed new members of the bHLHZip subfamily. Two genes are probable Drosophila structural homologues of vertebrate Mnt (CG2856 or dmMnt) and Mlx (CG3350 or dmMlx), members of the`Myc-Mad-Max network' which plays roles in cell proliferation, differentiation and apoptosis. In this network, the Max protein appears to play a central role. This protein can form transactivating complexes when associated with Myc, but repressive complexes when bound to Mad or Mnt. It has been suggested that Mad and Mnt are antagonists of Myc. Studies on the Drosophila homologues of Myc (dmMyc) and Max (dmMax) have shown that they share common functions with the vertebrate genes (Johnston et al., 1999) . Recently, Mlx, a new dimerisation partner of Mnt, has been identi®ed. We found that, like mouse Mlx, dmMlx is expressed ubiquitously. Interestingly, we did not identify any Mad homologue in Drosophila. In vertebrate development, Myc is preferentially expressed in undifferentiated, proliferating cells, whereas Mad expression is increased in differentiated, non-proliferating tissues (Queva et al., 1998) . Unlike the previous two genes, Mnt appears to be ubiquitously expressed during development (Hurlin et al., 1997) . This is in contrast to the dynamic expression of dmMnt detected in Drosophila embryos (see above). Taken together, the possible absence of a structural Drosophila Mad homologue and the dmMnt expression pro®le raise the possibility that dmMnt may play a role similar to Mad in vertebrates.
We have conducted an extensive search for bHLH transcription factors in the Drosophila genome. Conservation through evolution of some, but not necessarily all, bHLH transcription factors may provide some clues leading to further comprehension of the function of the different networks, such as Myc/Max/Mnt and cascades involved in myogenesis and neurogenesis. Functional analysis of these new genes in Drosophila should provide further insight into the functional diversity and conservation of the bHLHencoding genes in metazoa.
Experimental procedures.

Database search
We constructed a pro®le recognition matrix based on the bHLH domain family de®ned in the ProDom database (Corpet et al., 1999 ) (accession number: PD000239). We used it as a query in an iterative PSI-BLAST search (Altschul et al., 1997) to ®nd all the bHLH domains putatively encoded by the Drosophila genome in the predicted protein database provided by CELERA (Adams et al., 2000) . Fixing the stringency with an expectation value of h , 0:001 at each iteration, convergence was reached after the third iteration yielding 57 proteins matching the pro®le with an expectation value e , 0:1.
In ®ve cases we altered (CG5952; CG2856; CG12561 and CG12648) or extended (CGI7100) the identi®ed ORF by partially reconstructing the gene structure using the GeneMark program (Borodovsky and Lukashin, unpublished; web site: http://dixie.biology.gatech.edu/GeneMark/eukhmm.cgi). Detailed modi®cations are available upon request.
Isolation of candidates and in situ analysis
The major part of the sequence corresponding to each identi®ed ORF was isolated by PCR from wild-type genomic DNA. Each PCR product was cloned and at least partially sequenced. Digoxigenin-labeled antisense riboprobes were then produced and tested by in situ hybridization (Crozatier et al., 1996) . Ubiquitous expression was differentiated from background by comparing signals obtained with sense and antisense riboprobes used at the same concentration.
Sequence lineups and tree building
The 56 Drosophila bHLH motifs were aligned and the tree was constructed using the CLUSTALX program (Thompson et al., 1997) . The reliability of the resulting relationships was estimated by bootstrap analysis.
